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ROOT GROWTH OF WHITE PINE
(PINUS STROBUS L.)
INTRODUCTION
FROM the point of view of the forester, the roots of trees are of particu-. . lar significance. Almost every silvicultural operation achieves its pur-
pose, at least partially, by its effect upon the roots, and the results are in-
fluenced more or less by the entire system of roots present inthe soil.
In the establishment of the individual tree, Tourney (1929) has shown
that the initial root habit is an important and often the determining factor
in the survival or early death of the seedling. The characteristic system
developed by the tree determines largely the amount of moisture and
nutrients which will be made available. The rate at whicr the roots penetrate
the soil is perhaps of equal significance, because, although the form of the
roots may be suitable to a site, their rate of development may be too slow to
offset the progressive drying out of the soil during the first summer or to
prevent frost heaving during the following spring.
Almost as soon as the seedling has become established, competition with
other plants begins. In the past this ·was considered as chiefly between the
crowns, but in recent years the tendency has been to recognize the parts
below ground as of equal or greater significance. Thus, in an even-aged
stand of a single species the severity of the root competition has a direct
effect upon the health, the rate of growth, and the size of the individual
trees, and hence upon the amount of wood produced by the whole forest ~ The
rate at which the growing roots occupy the soil determines both the severity
of the competition and the date of its appearance. In a mixed stand com-
posed of species having different root habits, the competition below ground
has a pronounced influence upon such natural phenomena as the succession
afforest ·types and the composition of the climax forest.
In the ·practice of silviculture a knowledge of root growth seems d~stined
to play an extremely important part. The selection of species for planting,
the proper spacing of plantations, and the supplementary planting of open
areas within the forest are problems whose .solutions often are directly de-
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pendent upon the .rapidity with which the root systems develop. The early
expression of dominance may well prove to be an indication of the rate at
which the soil is being occupied. Thinnings and weedings, although regu-
lated by the appearance of the crowns, gain the desired results by their effects
upon the roots. The proper density of stocking is as much a problem of root
spacing as of crown spacing. The success (often the failure) of a cutting
system is due in a large measure to the changed conditions underground.
Thus the major problems of silvicultural practice are seen to be intimately
related to root growth.
The studies described in this paper were ·undertaken with the idea of
collecting data contributory to the solution of one or more of these problems.
The general field is so broad that it seemed best to limit the investigation
to a single species of considerable silvicultural importance, hence the choice
of eastern white pine, Pimus strobus L. In the central New England
region many thousand white pine seedlings are planted annually, and for
the next twenty-five years or more one of the most important silvicultural
problems will be those dealing with young stands of this species. Partly be-
cause of this, and partly because the roots of young trees are somewhat easier
to get at, these studies have been confined to plantations. The more im-
mediate objectives have been to determine the rate at which the lateral roots
increase in length, the seasonal or periodic growth, the correlations between
the growth of root and shoot, and the occupation of the soil by young trees.
Some of the data presented in this bulletin are not entirely satisfactory
due to the limitations imposed in their collection. In preparing the original
manuscript ·for publication many of the arguments leading to the conclusions
have been condensed or omitted. It is believed, however, that the conclusions
drawn from the data presented are fully justified.
HISTORICAL REVIEW
ON the general subject of roots there is an abundance of literat.ure, agreat deal of which has but little bearing upon the problem under in-
vestigation. No attempt will be made here to summarize or even to mention
the numerous articles of this nature. Weaver (1926) has compiled a most ex-
tensive bibliography which lists the important contributions dealing with the
roots of plants.
Forestry literature also contains a great many articles on roots, especially
those of the more important species of trees. By far the larger number are
morphological in nature 3:nd .deal with mature trees, but there are a few
10


ROOT GROWTH OF WHITE PINE
during the s"~hmmer and of slight growth in winter for deciduous species,
but none for conifers. He showed that the summer rest ·coincides with the
driest time of the year, whenever that may occur, and concluded that .lack
of ·soil moisture is the controlling factor. He considered the temperature of
the soil to be of most importance in regard to winter growth.
More recent researches have been directed toward the form and develop-
ment of the entire root system under different site conditions and have not
included the rate of growth. The most outstanding are those by Kokkonen
(1923) who worked with Scotch pine growing on drained moors, Hilf
(1927) whose investigations included Norway spruce, beech, and Scotch
pin€; on several types of soil, Laitakari (1927) who worked principally with
Scotch pine, but also included some observations upon Norway spruce and
birch, and Magyar (1929) who investigated the root expanse of a number
of deciduous species under nursery conditions.
Two somewhat comparable investigations have been those of Schreiber 0
(1926) and Hesselink (1926). In order. to determine the relative absorb-
ing efficiency of the roots of different species, they measured the total length
of the root system in millimeters and divided this by the number of growing
tips. The result is referred to as the "root quotient." A high quotient is
considered to indicate fewer branches and hence a less efficient root system.
Schreiber found th.at larch had a higher root quotient than spruce, while
Hesselinktound that Austrian pine had a higher quotient than Scotch pine.
o He also observed that it varied within the species, according to the strain
or race.
R ootcompelition.
Zederbauer (1920) studied the effect of different spacing in plantations
of Norway spruce. His material was limited to six trees, four of them being
15 years old and the other two, 25. He found the ratio of root to top, by
weight, to be approximately constant on the same soil-in this case averag-
ing I: 4. His conclusions are: (I) with 0.5 meter spacing up to 15 years
old, the formation of lateral roots is very irregular, and this cannot be
remedied by thinnings thereafter; (2) a spacing of 1 to 2 meters up to the
age of 20 years is necessary for the formation of a satisfactory root system,
after which the stand should be thinned.
Aaltonen (1920) investigated the root competition in stands of different
ages and on different sites. He found that in the poorer types of soil the
roots were more numerous, and that they extend farther both horizontally
and vertically than on good sites. The number of roots increases with age
13


ROOT GROWTH OF WHITE PINE
creased difficulty of absorption of soil moisture, and not to any direct effect
of cold weather upon the root.
Harris (1926) observed the roots of apple and filbert trees from Novem-
ber to June and found that growth continued throughout the winter when
the soil was well drained and when the temperature reached 40°F. or above.
On poorly drained soil, flooding of the roots prevented growth, recovery
from submergence being more rapid on sandy soils.
Dean (1927) investigated the rate of root growth of white pine during
the autumn and found that it ceased when the soil froze to a depth of 34
to ~ an inch at night, even though it thawed again during the day. He
observed that there are certain roots which make much more vigorous
growth than others, and noted that they are the last to stop growing in the
autumn. He advanced the theory that if these vigorous roots were situated
deep in the soil, they might continue to grow slowly throughout the entire
year.
Crider (1928), working under controlled conditions, found that the roots
of Pru?~us persica~ Prunus armeniacaJ Covillea tridentatoJ Silfnmo?tdsia cali-
fornica J Cupressus arizo?ticoj and Opuntia laevis continued to grow all
winter. On the other hand, no growth was observed in Citrus aurantium,;
Vitis vinifera j Prosopis veltttinoJ and Parkinsonia torreya·na. In the peach
(Pr.unus persico) the average daily root elongation during the month of
November was 5.55 mm.; December, 2.01 mm.; January, 1.65 mm.; Febru-
ary, .90 mm.; March, 1.16 mm. Crider stated that growth was evidently
affected by change in the seasonal temperature of the soil, but that there
appeared to be no direct or close correlation between the daily growth and
the soil temperature.
Root competition.
Adams (1928) investigated the effect of spacing in a young jack pine
plantation on sandy soil and found that root competition retarded the
diameter growth before it affected the height growth. This is apparently 'due
to the effect upon the size of the tracheids, and it results in a considerable
reduction of the volume of the tree. Competition caused a decided altera-
tion in the form of the root system, "changing it from a '. lateral spreading
shape to a short, stubby, much branched vertical form.
Cheyney (1929) found that the total length of roots in the upper eighteen
inches of soil in a square yard of jack pine forest amounted to 33,829
inches. Of these, 14,950 inches were from trees outside the plot and 83
inches were from lesser vegetation, also outside the plot. This left a ·total
16
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of 18,796 inches of roots from 318 individuals, representing 29 species,
growing inside the boundaries of the square yard.
Clements, Weaver & Hanson (1929), in their studies of competition in
different types .of vegetation, grew seedlings and transplants of five tree
species under varying degrees of competition with · grasses. Honey locust
and box elder had the highest per cent of survival, and this was attributed to
the much better development of the root systems of ·these two species when
compared with the others.
Holch (1931) studied .the .growth of roots and shoots of five species of
deciduous trees on three classes of site. Working with seedlings one to three
years old, he found that growth was directly correlated to photosynthetic
activity, and inversely proportional to the available water content of the
soil. The form of roots developed appeared to be hereditary with the species
and to be more or less correlated with the moisture conditions in the loca...
tions naturally occupied by that species.
PLAN OF THE INVESTIGATION
T HESE studies were originated in the summer of 1926 as the result of. observations of the rapidity with which new roots invaded the trenched
plots established under a stand of white pine. The initial observations were
made in 1926 to test out methods. Measurements were started during the
following summer and were continued until the fall of 1929.
The plan of the investigation included observations upon the .rapidity
with which the roots penetrate the soiL Only the faster growing roots were
selected for study. These are the strong, horizontal members of the root
system, referred to as "Langwurzeln" or "Triebwurzeln" by most of the
European investigators. The shorter branches and the mycorrhiza were not
included. Their function is to pervade the soil and to complete the process of
occupation, after the main roots have invaded it. These short roots develop
much more slowly than do the long ones, and the rapidity with which the
young tree acquires its portion of the forest soil, and hence the size of that
portion, is more dependent upon the latter. Thus the investigation con-
sisted essentially of locating the tips of a number of such roots and taking
periodic ·measurements to ·determine their increase in length.
THE LOCATION
The investigations were carried out .in two localities: the Yale Demon-
17



Fig. 1.
View on the Yale Forest, Keene, N. H., where root investigations·were made.



ROOT GROWTH OF WHITE PINE
Engler (1903) worked with seedlings of various .species, one to eight
years old, and used a series of boxes or frames in which he grew his rna-
terial.His first boxes were made of zinc and were 17 inches deep, 90 inches
long, and I~ inches wide (44 X 24 X 4 em.). The broad sides consisted
of glass plates sliding in grooves and covered with sheets of tin which also
slid in grooves. The bottom was perforated ·to permit drainage. The boxes
were made narrow so that more roots could be observed. They were filled
with soil and one seedling was transplanted into each. Engler found that
these boxes \vere too small, even for such young plants. Also, he experienced
great difficulty in sliding the glass panes in and out to get at the roots.
The following year he replaced them with a second series, made of wood,
having the panes of glass fastened in wooden frames which could be opened
like windows. These boxes were 23.0 inches deep, 10 inches long, and 2%
inches wide (60 X 25.5 X 7 em.). The bottoms were made of wide-meshed
wire screening.
In order to maintain the soil temperature as close as possible to that of
the earth,. he set these boxes into the ground, each in a hole which fitted it
closely and from which it could easily be slid for purposes of observation.
Each box was inclined at an angle of about 20 degrees from the vertical,
so that more of the roots would be visible on the lower glass wall.
Observations were made every other day at the same hour. When a new
root appeared, the location of its tip was marked on the glass with a fine
line of white oil paint. At each succeeding observation the new position was
marked in the same way, and the distance between the two lines was meas....
ured to determine the growth for the intervening period.
Engler found, however, that he was unable to maintain the same condi-
tions of moisture and temperature in the boxes that existed in the free
soil. The zinc and glass cooled off rapidly and also cooled the soil in contact
with them. Investigation showed that the temperature inside the boxes was
from 1 0 to 4 0 C. colder than that in the nursery beds near by, and that the
soil inside was often frozen to a depth of 20 em., as comparedto I em. out-
side. As a result, root growth in the autumn stopped much earlier inside
the boxes than it did in the nursery beds.
Then, too, in spite of the fact that the soil was firmly pressed down when
the boxes were filled, it settled gradually, carrying the plants down with it.
This resulted in an apparent growth of the roots somewhat greater than
actually took place. Furthermore, Engler considered that when the roots
were in contact with the glass, their growth could not be normal.
McDougall (1916) carried out his investigations on mature hardwoods
22
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growing in the forest. For shallow roots he scraped away the leaf mold and
humus to a depth of about two inches, or until he found some healthy root
tips. They were then covered with a piece of window glass one foot square,
placed horizontally above 'them, and protected with a piece of felt roofing
and a layer of soil. He found it necessary to remove the glass in order to
make a measurement. For deeper roots he dug pits two feet deep, so that the
tips were exposed on the side wall. These were covered with a vertical plate
of glass of the same size and in the same manner as before, the felt roofing
being held in place by board props. His observations were made at intervals
of approximately a week, usually at sunrise since he found that during the
summer they could not be made in the middle of the day without killing
or injuring the roots. In spite of all precautions, he reported that many
rootlets had their growth checked or even stopped permanently by exposure.
At each observation he charted the positions of all the roots and measured the
length of each to determine its growth.
Dean (1927) investigated the root growth of white pine in a seed bed,
in a transplant bed, and in a plantation 25 years old. -His method was to
locate a root and follow it out to the tip. A thread was tied around it, about
one-half inch from the end, and the length beyond this thread was measured
with dividers. The tip was marked with a numbered peg, the root was
covered, and the soil was firmed into place. The growth was measured at
intervals of two weeks. He found that a piece of wood about four inches
long and one inch in diameter, laid on the ground beside the root tip and
on which was rested one point of the dividers, aided materially in taking
accurate measurements. Considerable care was necessary to prevent damage
to the root, but Dean abandoned those which were injured when first dug
up and found a mortality of only fifteen per cent among the remainder.
Methods used in this investigati{fn.
Exposing the 'Toots. Dean's method, with some modifications, was the
one used in these studies. No attempt was made to select particularly thrifty
trees-they were taken just as encountered in the plantation. The soil was
removed from around the root collar to a depth of one or two inches, and
the larger roots were carefully followed out to their tips. The soil was re-
moved from along the top of the root, as it was not necessary to free it
entirely. In most cases the digging stopped just beyond the tip, allowing
only enough room to make the measurements. This was done so that further
growth would take place in undisturbed soil.
-It is a comparatively easy matter to determine the condition of the root
23
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after the tip is located. During the dormant period in winter, the entire
root is dark brown and the tip is undifferentiated, except that it may have
a tiny spot of lighter color on the extreme end (Fig. 3B). In the spring the
~. -,-~g;;: :>
A
5
5
Fig. 3. Illustration of methods of measuring and marking
root tips.
root tip begins to change color and to increase in size. It becomes lighter,
finally turning white or cream-colored (Fig. SA). Gro\vth begins at about
this time, starting slowly at first and gradually increasing in rapidity. The
size of the tip seems to vary with the rate of growth. When the root is grow-
24
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ing vigorously the white tip is usually from .75 to .90 of an .inch ·in length,
the longest noted in the investigation being 1.08 inches. ·The thickened sec-
tion may extend well into the brown part of the root, sometimes as much as
one or two inches. As growth slows down, the length and thickness of the
white tip diminish correspondingly, and the color gradually turns brown as
the roots become dormant or dead.
There is no uniformity in growth among the roots on one tree, and half
a dozen dormant ones may be dug up before an active one is found.
It was noted, however, that the majority of the tips on a given root are
likely to show the same condition. Hence, if one or two of the branches are
found with white tips it is , an excellent indication that the main root will
also have a white tip.
Measuring the growth. The entire length of each root investigated was
measured, and the length and condition of the tips were recorded, as well
as its depth below the surface. The location of the root was marked, the soil
was then put back in place and pressed down firmly. Atsuccessive observa-
tions the digging was confined to the immediate locality of the tip.
The measurements were made ·with a pair of dividers (Fig. 3E). The
distance between the points of the ·dividers was measured in the field, and
the figures recorded directly. A small boxwood scale, divided into fiftieths
of an inch, was used. During the spring and fall the measurements were
made about once .a week, in order to determine more definitely the dates
when growth started and stopped. During the summer a ·two weeks' .interval
was usually followed, but in a few instances this was extended to four weeks.
Marking the location of the tip. At first a white thread was tied around
the root at ·some distance back from the tip, in . the manner described ·by
Dean (Fig. 3). When used with care this method is acceptable, but there is
always the chance that the thread will be moved during subsequent
digging. It cannot be tied too tightly for fear of injuring the root. More-
over, the ends have to be left fairly long so they can be seen, and these may
be caught up while digging and the result is either a broken root or else the
thread·moved from its original position.
During the early part of the investigation, wooden pot labels were stuck
in the ground beside the root and the location of the thread shown by a
mark on the wood.
A later method was to place the peg in the soil so that the edge was .just
opposite the extreme end of the tip (Fig. 3D). Thus, any growth would take
place beyond the edge of the peg. This method seems satisfactory where there
is no danger of moving the peg.
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The method which gave the most accurate results was to use a thread tied
around the root and to place the peg so that its outer edge was exactly op-
posite the thread. This peg was pushed in deeply so that its top was below
the surface. A second peg was placed behind the first, extending above
ground, so that it could easily be located. The number of the root was placed
on each peg (Fig. 3C). Thus there were two checks on the location of the
measuring point-if the thread was moved in digging, the edge of the peg
could be used. If the upper peg was accidentally displaced, the lower one
was seldom disturbed.
McDougall's method of using a sheet of glass was tried out on two roots.
I t was placed close beside the tip in a vertical position, the root being marked
with a thread and peg in the usual manner. This was not satisfactory, be-
cause the glass had to be removed to make measurements an'd because the
root was likely to grow beyond the edge of it.
othe?" measurements taken. On some of the trees ·the height growth was
recorded for comparison with root growth. This was measured with dividers
and expressed in hundredths of an inch, as described above. Instead of
using a thread, a thin line of oil paint was marked on the bark, and one tip
of the dividers was placed against the uppermost edge of this line as a basis.
When it was necessary to chart the extent of the root systems present in a
quadrat, the usual method of stringing the area into squares and plotting
it on cross section paper gave satisfactory results.
THE STUDIES UNDERTAKEN AND RESULTS OBTAINED
I T is believed that the growing conditions are changed somewhat by the.. methods of investigation as described in the preceding paragraphs. It
is not known, however, whether this results in an increased or a decreased
rate of growth. Some of the measurements recorded in this study see.II1 to
indicate that the root shortens a little just before the tip changes color in
the spring. At present,however, there is not enough data on hand to deter-
mine whether or not such a reduction in the length of the root actually does
occur.
RATE OF ROOT GROWTH
The data presented in Table IV show the progress of growth of a number
of roots upon which observations were continued throughout the growing
seasons of 1928.and 1929- Plate I shows some of the same material plotted
as curves. It is immediately evident that there is a pronounced variation
26







Fig. 4. Annual growth (25.8 inches) in sandy soil, August 24, 1928, to July 10, 1929, Keene, N. H.
ROOT GROWTH OF WHITE PINE
are based on the total number of living roots examined, and on each occasion
this includes many dormant tips which had made no measurable growth
during the period. Therefore, the curve would be expected to drop sharply
during midsummer, Le., with an increased number ·of roots lying dormant
the average growth per root decreases. Accordingly, it appears reasonable
to supposethat the reduced rate of growth in late July might be due to the
presence of a larger number of dormant tips rather than to any actual de..
crease in the rate of elongation.
Two methods have been used to check this supposition. One is by re-
calculating the periodic daily growth, basing it only on the actively grow-
ing tips, .and the other is by calculating the daily growth ·made ·by the in~
dividual root showing the greatest amount of increase during the period
between observations. The first method is based on a number of roots and
represents an average figure, while the second represents the maximum rate
observed for a single root between observations, though not for the same
one throughout the season.
Table ·VII shows both of t~ese. The average daily growth is based on
growing roots only. No tip was included which, if brown, did not show
an increase of at least two tenths of an inch since the preceding measure-
ment. Thus, some brown tips were included which could not, strictly speak~
ing, be classed as growing when measured. However, if they had increased
as much ·as two tenths of an inch it was assumed that they had become
dormant just before .being measured, and that they should be considered
as gro,ving during most of the interval between observations. No tip was
included which was brown on two successive measurements. .
As explained above, the maximum daily growth was taken from a single
root each time-usually, but not always, a differe~t one. These data are
shown in the form of curves on Plate IV and would seem to present strong
evidence that the rate of growth actually does decrease during midsummer,
even among the vigorously growing tips. In other words, no matter at what
time the resting period comes for any individual root, there is a decided
slowing downp,t about the first of August.
AVERAGE ANNUAL GROWTH
Observations at Kee1ze.
In addition to the data presented above, measurements were ~aken to
determine the average annual amount of growth per root. Most of this work
was done at Keene, the trees being visited but once or twice a year. Table
34
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3 had grown a measured distance of 9.68 inches, plus an unmeasured dis-
tance as with root 2.
This experiment confirms the theory advanced by Dean (1927) and would
seem to prove beyond doubt that heredity plays a smaller part in the winter
rest of conifer roots than Engler supposed. However, since no periodic
measurements \vere taken, nothing is known about the duration of the dor-
mant period in the autumn, or even if it actually did appear in this case.
The daily rate of increase is also undetermined.
ROOT AND SHOOT GROWTH COMPARED
A comparison of the growth above ground with that of the roots shows
considerable contrast. Table X contains the calculations of the periodic
daily height growth of the same trees whose roots were under observation.
Plates V and ,VI show these data plotted as curves and also contain the
curves for root growth, based on the average increase of active tips only
(Table VII).
It is immediately apparent that the period of important height growth
coincides with the early growth period of the roots. They start at approxi-
mately the same date in the spring, even though the rate during the first
few days is very low. The buds are swelling just enough to show a small
increase in the height of the tree, though no real growth has taken place.
The dormant roots are beginning to swell also, and the tips are turning
white and elongating a little. For the first two or three weeks in May the
rate of 'growth of the leading shoot is almost exactly the same as that of
the roots, though they vary a great deal thereafter.
The height growth is practically complete at about the same date on
which most of the roots become dormant in midsummer. Later, there is
a slight increase in height, which is probably due to the development of
the terminal bud and should not properly be called a second period of
growth.
Engler states that with white pine the growth .of the roots and the shoots
begins almost simultaneously; also that, in general, the maximum growth
of the shoots coincides with that of the roots, and that at the time of cessation
of growth of the roots in late summer the height growth likewise ends.
Ratio between root and slz,oot growth.
Using the data available, the ratio between root and shoot growth was
calculated for a number of cases, as shown in Table XI.
With one exception, the ratio for the sandy soils of Keene is higher than
41
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mentscarried on in widely separated regions, with several different species
of different ages, under wholly unlike conditions. However, it may serve
as an illustration of the relations under discussion until a better one has
been produced.
Fig. 5. Relation of soil conditions to root and shoot growth.
It is not easy to understand why roots grow longer on sandy soils. In
general, the investigators have considered the differences in development
upon different soils as due to the amount of moisture available. In other
words, the less the moisture the greater the root development. This accounts
for the shortest roots being produced on loam, somewhat longer roots on
clay, and the longest roots on sand. But it also implies that any decrease
in moisture .is accompanied by a corresponding increase in growth. Hence,
if this theory is accepted, it does not explain the reduction of growth during
the driest part of the summer, just when the greatest amount would be
expected. On the other hand, if Engler is correct in attributing the rest
period to the summer drought, some other explanation must be sought ·for
the relation between root development and soil type. Summarizing the re..
suIts obtained by other workers, there are apparently four factors of out..
standing importance; namely, soil moisture, soil temperature, the composi-
tionof the soil atmosphere, and the physical nature' of the soiL
47
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Cannon & Free (1925) have shown that the growth-rate of roots decreases
with an increase of the amount of carbon dioxide in the soil atmosphere, and
furthermore, it decreases 'when the amount of oxygen decreases.. They also
cite the effect of temperature on growth, saying that root growth is rapid
at relatively high temperatures and slow at lower ones-referring to tem-
peratures between the maximum and minimum limits for root growth.
Clements (1921) quotes several other investigators to show that seasonal
changes, especially temperature and rainfall, have a marked effect upon
the composition of the soil air, carbon dioxide being most abundant in the
summer, apparently during the hottest part. As to the soil type, sand contains
least carbon dioxide and most oxygen, clay is intermediate, and "moor
soils" contain the most carbon dioxide. Loam is not ~entioned specifically,
but Clements states that the presence of organic matter greatly increases the
supply of carbon dioxide and decreases that of oxygen. Loam is more
likely to be rich in organic matter than either sand or clay, and Schwarz
,(1892) has demonstrated that the length of roots of pine seedlings de-
creases as the strength of the food solution increases.
The physical structure of the ,soil is important, not only in regard to its
water-holding capacity, but also as to the mechanical resistance which ,it
offers to penetration by roots. Sand, being the most porous, offers the least
obstruction to growth, while clay, which is perhaps the most difficult to
penetrate, offers the greatest, with loam intermediate.
Consideration of the above leads to the conclusion that, like so many
other biological phenomena, the 'rate of root growth depends upon a com-
bination of factors, rather than upon anyone factor.
The seasonal variation of these factors is also of significance. During the
dry period of midsummer there is less moisture available, but there is also
less oxygen present in the soil. The amount of carbon dioxide is perhaps at
its maximum and so is the temperature. Thus the dryness, which is ap-
parently favorable, may be more than offset by the other conditions, and the
roots make little or no growth. During spring and autumn, when there is
more available moisture, ther~ is also more oxygen present, and so long
as the temperature is not too low the conditions are such as to promote rapid
root development.
ROOT COMPETITION AND OCCUPATION OF THE SOIL
The interpretation of the effects of competition is one of the most im- '
portant problems in silvicultural practice. A knowledge of the 'date when
competition appears in a stand, and of the severity with which it takes
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Plate IX. Vertical arrangement of root system of tree D. Each square is two feet on a side.
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sidered to be occupied. Although on Plate VII this would show merely '
as a single line through the square, it must be remembered that this
diagram does not include the absorbing or feeding roots. They are shown
in Plates VIII and IX, and these give a better idea of what the presence
of one root signifies. Furthermore, it will be seen that practically the
entire root system is confined to a small section in the upper part of the
soil, so that the presence of one root in a limited space undoubtedly does
have an effect upon the amount of moisture and nutrients available to a
second root invading the same space.
APPLICATION TO SILVICULTURAL PRACTICE
RELATION BETWEEN ROOT GROWTH ,AND CROWN GROWTH
T HE average increase in length of the roots during a growing seasonis of considerable significance. It is a measure of the ability of the
tree to provide the supply of food materials and moisture necessary for the
proper growth of ' its crown, and it is also indicative of the ability of the
tree to invade new areas and to maintain itself against competition. The
invasion of the soil by the roots of young trees growing in stands, volunteer
or planted, is perhaps the first phase of the competition which later results
in the death or suppression of all but a very few individuals.
Other things being equal it would appear that those trees which succeed
in sending their roots into the largest territory have the best chance of
survival. In the case of natural reproduction the individuals which are
first to start have a better opportunity than the others. In a plantation,
however, this chance does not appear. All have been given the same kind
-and amount of care, they are all of the same age and have been set out at
the same time. The competition might well be expected to be close and equal.
As a rule, however, this does not seem to be the case. Dominance of the
, crowns expresses itself at an early age, and almost from the start certain
individuals are noticeably more thrifty than the rest. The height growth is
greater, the crowns are broader, and when the stand closes these trees soon
overtop the others.
Such a condition is not due merely to the fact that the tops grow more
rapidly. The root systems must also have been vigorous in order to keep pace
with the increasing demands of the crown. Examination of the largest and
best developed trees in a stand shows that not only do their crowns occupy
more space, both horizontally and vertically, but that their root systems
,are also more widespread and more densely developed than those of their
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companions. This refers to the true dominants and not simply to the tallest
trees. Not only the top but the entire tree has grown more rapidly. No tree
can achieve and maintain dominance in an even-aged stand utI-less its root
system is ·of correspO'nding superiority.
The question of whether the crown development depends upon the roots,
or vice versa, has not been investigated except for fruit trees. Roberts (1927)
partly defoliated apple seedlings throughout one growing season, \vhich
resulted in a reduction of the amount of roots compared with normal seed-
lings. He concluded that root development depends upon leaf area.
Swarbrick & Roberts (1927) also worked with apple trees and found
evidence that when a scion is grafted upon seedling roots, the variety of
the scion determines the ·character of the roots developed. When grafted
upon the top of a stem, instead of upon the roots, the scion variety does not
appear to exert this influence, at least during the first few years. When a
scion of one variety is grafted upon a stem ·of a second variety, and this
in turn is grafted upon a seedling root, the root development is then de-
termined by the variety of the stem. The conclusion is that the stem in-
fluences the character of the roots. The reciprocal influence has not been
determined.
Early evidence of dominance.
As shown in this investigation of white pine, some roots made ten times
the annual growth that others did. Cheyney (1927) has presented evi-
dence to show that the position in which the roots are placed has but little
effect on growth, hence this difference cannot be due to planting. The only
apparent explanation for it lies in inherent individual variation-some
trees in the stand possess a disposition toward vigorous growth, while others
do not.
The data were examined to see if there might not be some correlation
between the rate of development of tops and roots. The periodic growth of
both root and shoot were compared with the average growth figures for
all trees. The results were ·grouped into three classes, and Table XVI
shows the number of trees in each class.
It .would appear that some ·sort of a correlation is present. All of the
trees whose tops grew better than the average had root systems which
made average growth or better. Those whose tops made average growth
are fairly evenly divided in regard to the roots, between average growth
or better than average. Of the trees whose tops were below average, half
of them also possessed roots whose growth was well below average. In no
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FACTORS AFFECTING COMPETITION IN THE STAND
Time of appearance of competition.
The effects of competition in an even-aged stand depend upon (I) the
time at which it appears and (2) the severity with which it takes place.
The time of the appearance of competition is governed largely by three
factors; namely, species, spacing, and site. Species are known to differ
in the form of the roots which they produce and in the rate at which they
penetrate the soil. The greater the interval between trees, the later they
will start competing 'with each other, both above and below ground. vVhen
we come to consider the site, we encounter a large number of factors. Those
which affect competition have been described elsewhere. We may sum-
marize, however, the facts relating to the site factors brought out earlier
in this paper. The better the aeration of the soil, the longer the roots; the
less compacf the soil, the better the growth; the greater the soil moisture,
the shorter the roots; Le., the "poorer" the site, the more extensive the root
system and the sooner the soil is occupied.
Of these three outstanding factors which determine ' the time that com-
petition begins in the stand, the site can be modified least of all. Control
over the date of appearance of competition must be gained by changing
either the species or the spacing. For white pine set 6 X 6 feet on the light
sandy soil at Keene, active root competition started within five years after .
planting. On the heavier clayey soil of Durham it did not appear much
before the tenth year. It is evident that any change in spacing, in its relation
to competition, must take into account the character of the site.
We have no information as to when it is desirable for root competition
to begin. It should be correlated with the development of the crowns and
with the general silvicultural practice. It should not istart too early.
Zederbauer (1920) has shown that, in plantations of Norway spruce, close
spacing develops an extremely one-sided root system, susceptible to wind-
throw, and that this cannot be overcome by thinnings made after the' first
fifteen years. Adams (1928) presents data to show that the root develop-
ment and the diameter of the trunk are considerably retarded by close
planting, though the early height growth does not appear to be affected as
much.
So also in the interests of good silviculture, competition should not be
too long delayed. Paul (1930) has shown that, with young stands of red-
wood and southern pines on good sites, fairly crowded conditions are
necessary for the production of timber having high strength properties.
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Such conditions imply a reduction in the crown space occupied by the
individual tree. In the 8 X 8 foot plantation examined .. by Adams, the
trees had an unduly large volume of branches in proportion to the trunk.
Furthermore, in seven years the crowns had not closed, and the trees were
receiving strong competition from underbrush instead of from each other.
Apparently, from the data presented by Adams, the 6 X 6 foot spacing
gives the best results for that species and for that site. If this spacing is
accepted as satisfactory for white pine on sandy soil, then it implies a
smaller interval for loamy soil in order to bring about the appearance of
competition in ·nearly the same time, I.e., five years.
In the light of present knowledge, however, we can make only the gen-
eral statement that the spacing should be such as to promote, before the com-
petition becomes intense, the development of a root system on the· more
vigorous tre,es that is capable of meeting the demands of a dominant crown.
Degree of competition.
The intensity of competition in a stand varies with the species, spacing,
site, age, and crown class.
The severest competition takes place between individuals of the same
species, since their roots tend to occupy the same layers of soil and to de-
velop at about the same rate. If root growth continues to be active and
vigorous, as in a rapidly growing stand, so will competition; on the other
hand, if root growth slows down as the stand reaches maturity, then the
intensity of the competition is reduced.
In an uneven-aged stand the younger individuals always suffer most,
the competition being more severe for them than for the older trees. In the
,case of reproduction vs. mature trees, the seedlings are killed, but the
trees are not seriously affected. As the competing individuals approach
the same age, however, the effect of competition is certain to be felt more
and more and the entire stand will suffer.
Another phase of the problem of comparative age is encountered in the
practice of filling failures in a plantation with a class of stock considerably
younger than the trees already there. This corresponds to the planting up
of small openings in the forest. In view of the points brought out in this
discussion, neither of these practices can be recommended. The smaller
trees are handicapped from the start and are certain to be crowded out
through root competition with their neighbors. Unless the failures in a
plantation ~re excessive, or happen to be confined to one area, there is little
use in replacing them. Filling in should take place a year or two following
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Wide variation between individual roots was · observed in the amount
of growth made annually; in six-year-old trees on sandy soil it averaged
18 to 20 inches; on clayey soil, 5 to 10 inches. Some evidence was found
that the rate of root growth increases with age during the early life of the
tree. Failures in plantations should be filled not later than one year after
the trees are set .out, and the stock used should be the same age as that
in the successful parts of the plantation. Planting up natural openings in
the forest is seldom worth the expense involved.
Height growth of the parts above ground was practically complete when
the rate of root growth slackened in midsummer. There is no apparent
correlation between the amount of root growth and the amount of top
growth. In general, however, those trees with vigorous tops possessed
rapidly growing root systems, and vice versa.
The roots in two 10 X 10 foot quadrats were charted to determine the
amount of competition in a plantation. With four-year-old white pine set
6 X 6 feet apart on sandy soil, root competition may be expected to start
within five years after planting. On a clayey soil it is delayed until about
the tenth year.
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